ABSTRACT Microtubules are cytoskeletal filaments responsible for cell morphology and intracellular organization. Their dynamical and mechanical properties are regulated through the nucleotide state of the tubulin dimers and the binding of drugs and/or microtubule-associated proteins. Interestingly, microtubule-stabilizing factors have differential effects on microtubule mechanics, but whether stabilizers have cumulative effects on mechanics or whether one effect dominates another is not clear. This is especially important for the chemotherapeutic drug Taxol, an important anticancer agent and the only known stabilizer that reduces the rigidity of microtubules. First, we ask whether Taxol will combine additively with another stabilizer or whether one stabilizer will dominate another. We call microtubules in the presence of Taxol and another stabilizer, doubly stabilized. Second, since Taxol is often added to a number of cell types for therapeutic purposes, it is important from a biomedical perspective to understand how Taxol added to these systems affects the mechanical properties in treated cells. To address these questions, we use the method of freely fluctuating filaments with our recently developed analysis technique of bootstrapping to determine the distribution of persistence lengths of a large population of microtubules treated with different stabilizers, including Taxol, guanosine-5
INTRODUCTION
The microtubule cytoskeleton is a chemomechanical network based on microtubule filaments supplemented with a number of regulatory accessory proteins, called microtubule-associated proteins (MAPs). This network is vital for important cellular processes such as morphology and differentiation, intracellular organization, and mitosis. The mechanical stiffness of individual microtubules controls the mechanical properties of the network, and it is modified for different functions in the cell. For instance, it would be favorable for the stable microtubules of the axon to be stiff and straight to support the extended structure required for long-distance axonal transport. Conversely, microtubules in a proliferating cell should be dynamic and flexible to enable rapid redistribution during transitions between interphase and mitosis.
There are a number of microtubule-stabilizing agents that control microtubule dynamics and affect their mechanical properties, including drugs, nucleotides, and associated proteins. Interestingly, Taxol, a microtubule-stabilizing drug used in chemotherapy, is the only known stabilizer to make microtubules more flexible (1) (2) (3) (4) (5) (6) (7) . Conversely, guanosine-5 0 [(a, b)-methyleno] triphosphate sodium salt (GMPCPP) is a slowly hydrolyzable GTP analog that stabilizes and stiffens microtubules (6, 8, 9) . We are interested in the effects of doubly stabilized microtubules that are polymerized with GMPCPP and then stabilized with Taxol since these microtubules have been shown to be resistant to depolymerization by kinesin-8 motors (10) . We want to determine whether the mechanical perturbations induced by Taxol and GMPCPP are additive or cooperative, or whether the effect of one dominates that of the other. We also test the effects of guanosine-5 0 -O-(3-thiotriphosphate) (GTP-g-S), a nonhydrolyzable GTP analog recently reported to mimic the tip structure of microtubules for the end-binding (EB) proteins (11) .
MAPs are known to regulate the nucleation, polymerization, stability, and mechanical properties of microtubules in cells. In particular, much attention has been paid to the stabilizing MAPs of neuronal cells, especially tau proteins, because of their importance in cell structure and neuronal disease (12, 13) . Tau is an important neuronal MAP known to nucleate, enhance the growth of, and stabilize microtubules both in cells and in vitro (12, (14) (15) (16) (17) (18) (19) (20) (21) . Tau is found in the axons of neurons and needs to mechanically stabilize and stiffen microtubules to enable axonal microtubules to support the long, extended structure of the axon. It has been demonstrated that tau stiffens microtubules in vivo and in vitro when added to already polymerized microtubules (4, 9) . However, in the cell, tau is likely to be present during polymerization. We want to determine whether polymerizing in the presence of tau alters the mechanical properties in a different way. The question of tau presence during polymerization is even more interesting in light of recent reports that it has two microtubule-binding sites: one on the microtubule exterior and the other on the microtubule lumen near the Taxol-binding site (22) . Tau and Taxol appear to compete for the interior site, but tau cannot reach the interior site when added postpolymerization. To investigate the effects of tau binding to the interior site, we measure the rigidity of microtubules copolymerized with tau present and compare the results to microtubules with tau added after polymerization and Taxol stabilization.
Compared to tau, less is known about MAP4, the MAP found in the neuronal cell body and, in contrast to tau, ubiquitously expressed in a variety of nonneuronal tissues. Due to the similar microtubule-binding sequence, many have speculated that MAP4 will have the same effects on microtubule nucleation, stabilization, and mechanics as tau and MAP2. Indeed, MAP4 appears to protect microtubules and enhance growth of microtubules in vivo (23, 24) and has been shown to stabilize microtubules by inducing rescue events in vitro (25, 26) . Cells express three major MAP4 isoforms that share the same microtubule-binding domain, but have very different projection domains (27, 28) . The muscle-specific isoform mMAP4 contains a 120-kDa insertion in the projection domain of the ubiquitously expressed uMAP4 (28) . Species-wide sequence data reveal a third variant, oMAP4, expressed in brain, eye, heart, and skeletal muscle, and includes a unique 50-kDa projection domain (29, 30) . In addition, MAP4 isoforms vary in the number of tau-like microtubule binding repeats. MAP4 variants with three, four, and five repeats are expressed in cells (31) and confer different properties. For example, five repeats are required for MAP4 to act as roadblocks for kinesin (32) , whereas a three-repeat uMAP4 is sufficient to limit force generation by dynein (33) . Here, we measure, for the first time to our knowledge, the effects of a tau-like four-repeat isoform of oMAP4 on microtubule mechanics in the presence of Taxol.
In this study, we explore the competitive effects of multiple types of stabilization on the mechanical properties of microtubules. We use the thermal fluctuation method with Fourier decomposition, as described previously (34, 35) . Further, we use the bootstrapping method we recently developed to estimate error in our measurement, and we perform a weighted fit to the normal modes to determine the persistence length of individual microtubules (34) . We take a large data set for each experimental parameter to enable comparisons between the distributions of persistence length, instead of comparing the average value of persistence length, which can be misleading due to the log-normal nature of the distributions (34) . We find that GMPCPP microtubules have enhanced stiffness, and that the effect dominates that of Taxol, whereas GTP-g-S reduces microtubule rigidity to an extent similar to that seen with Taxol. We also find that there is an effect of adding the tau protein during polymerization, but that adding it after Taxol stabilization, even at very high concentrations, has little effect on the mechanical properties of microtubules. Finally, we find that MAP4 does not change the average persistence length of microtubules but does significantly alter the shape of the distribution of persistence lengths, causing a reduction in the asymmetry and width of the log-normal distribution and making it appear Gaussian. These data report on the different mechanisms of stabilization and offer insight into how mechanics can relate to the structural changes imparted by stabilizers.
MATERIALS AND METHODS

Reagents and microtubules
All chemical reagents were purchased from Sigma (St. Louis, MO) unless otherwise stated. Unlabeled porcine tubulin was purified as previously described (34) using the method of Peloquin et al. (36) . Rhodamine-labeled porcine tubulin was purchased as lyophilized powder (TL590M, lot 015, Cytoskeleton, Denver, CO). Rhodamine tubulin was resuspended at 5 mg/ml in PEM-100 (100 mM PIPES, pH 6.8 with KOH, 2 mM EGTA, and 1 mM MgSO 4 ) and added to unlabeled tubulin at a ratio of 1:5 (rhodamine/total). Tubulin was centrifuged at 298,000 Â g at 4 C to remove any aggregated tubulin. Microtubules were polymerized in the presence of 1 mM GTP for 20 min at 37 C. For microtubules stabilized by paclitaxel (Taxol), 50 mM was added after polymerization and microtubules were incubated for an additional 20 min at 37 C to equilibrate the Taxol. Microtubules were centrifuged at 14,000 Â g for 10 min at 25 C to remove any unpolymerized tubulin, and the pellet was resuspended in PEM-100 (with 50 mM Taxol if Taxol was used). Microtubules were incubated at 37 C for 1 h or until they were within the 5-30 mm length range. GMPCPP microtubules were made as outlined above, except 1 mM guanosine-5 0 [(a, b)-methyleno] triphosphate sodium salt (GMPCPP) was added instead of GTP. GMPCPP microtubules were stable with and without Taxol. Guanosine-5 0 -O-(3-thiotriphosphate) tetralithium salt (GTP-g-S) microtubules were made as above, except that 1 mM GTP-g-S was added instead of GTP. Taxol was required to polymerize GTP-g-S microtubules. To test GTP-g-S microtubules without Taxol, we made microtubules with GTPg-S in the presence of only 5 mM Taxol, as described above. The microtubules were then diluted in PEM-100 buffer without Taxol at a 6 times volume. Next the microtubules were pelleted to separate them from the Taxol in solution and resuspended in PEM-100 without Taxol. We performed the dilution and pelleting twice. After the final round of pelleting, we resuspended the pellet in the original volume of PEM-100 without Taxol.
Microtubule-associated proteins
MAPs were expressed and purified from bacteria. The full-length tau protein, denoted 4RL, was purified as previously described (37, 38) . Briefly, tau was induced with 0.5 mM isopropyl-b-d-thiogalactoside in Escherichia coli strain BL21-CodonPlus-(DE3). We lysed bacteria by sonication, and we boiled the supernatant of the lysate to aggregate free proteins. Tau remained in solution after boiling and was separated by centrifugation. Purity was established by sodium dodecyl sulfate polyacrylamide gel electrophoresis with Coomassie blue staining.
The four-repeat version of oMAP4 (accession no. AK146790) was amplified from cDNA of 48 h differentiated C2C12 myoblasts, and cloned to pRSET-A and to pEGFP-C1. GFP-oMAP4 was then also transferred to pRSET-A. 6ÂHis-oMAP4 and 6ÂHis-eGFP-oMAP4 were expressed in E. coli BL21-CodonPlus-(DE3) and purified as previously described for uMAP4 (33) . Briefly, bacteria were lysed by sonication, and the free proteins bound to Ni-NTA resin (Qiagen, Germantown, MD) and eluted with 250 mM imidazole. The MAP4-containing fractions were loaded on SP fast-flow sepharose (GE Healthcare, Waukesha, WI), washed with low-salt buffer, and eluted with a step gradient of high-salt buffer (20 mM MES, pH 6.8, 1 mM EGTA, 0.5 mM MgCl 2 , and 1 M NaCl) and buffer exchanged to BRB-80 (80 mM PIPES, pH 6.8, 1 mM MgCl 2 , 1 mM EGTA).
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Tau-stabilized microtubules Tau-bound microtubules were created in one of two ways. First, microtubules were made as described above, stabilized with Taxol, and then 450 nM tau was added to a 100-fold dilution of 45 mM stock microtubules (final concentration 450 nM tubulin) before for imaging. Thus, the tubulin was at a ratio of 1 to 1, tau to tubulin. We call these microtubules postpolymerization. Second, microtubules were polymerized at 45 mM in the presence of 450 nM tau added with GTP (final ratio 1:100, tau:tubulin). As for other microtubules, Taxol was added after polymerization at 50 mM and a second incubation step was used to equilibrate the Taxol. As above, 450 nM tau was added to a 100-fold dilution of 45 mM stock microtubules (final concentration 450 nM tubulin) before imaging. Thus, the final tubulin to tau ratio was 1 to 1 to ensure microtubule stability. We call these microtubules copolymerization. Microtubules were incubated at 37 C for 20 min up to 2 hr prior to use in assays.
Microtubules with MAP4
We attempted to create MAP4-bound microtubules using the same two methods as described for tau. Unfortunately, MAP4 added during polymerization inhibited nucleation and few microtubules were formed, even when Taxol was added. Thus, MAP4 microtubules were only of the MAP4 postpolymerization variety. Final concentration of 230 nM MAP4 was incubated with 450 nM microtubules, giving a MAP/tubulin ratio of 1:2 during the experiment.
Microtubule flexibility measurements and data analysis
To measure the microtubule flexibility, we performed the same methods described in our recent publication (34) . Briefly, microtubules were placed in a very thin (<3 mm thick) chamber made from a slide and coverslip coated with k-casein to prevent microtubules from adhering to the glass surfaces. Microtubules were imaged in epifluorescence using a Ti-E microscope with 60Â, 1.49 NA objective (Nikon) and an electron-multiplying CCD camera (Andor) as they fluctuated in two dimensions, and time-lapse movies were recorded using the Nikon Elements software (Nikon). Individual microtubule images were cropped and rotated to horizontal. MatLab was employed to skeletonize and divide the microtubule into 25 segments. The filament shape was decomposed into Fourier modes, as previously described (34, 35) . The average variance and the error in that variance for the first 25 Fourier modes were determined as previously described using our resampling bootstrap analysis (34) . We performed a weighted fit to all the data using the equation
where var(a n ) is the variance of the amplitude, a, of the nth normal mode, L C is the contour length, and N is the number of segments taken along the microtubule. L p is the persistence length, <ε k 2 > is the noise floor, and both are the fit parameters of the equation.
Statistical analysis
We collected data on 30-50 microtubules for each individual experiment, although not all were analyzable due to noise or other issues. The number of microtubules used for each is quoted in Table 1 . We demonstrated previously that the distribution of persistence lengths is log-normal for Taxolstabilized microtubules (34) . We consider this microtubule data our control data, to which we will compare the effects of nucleotides and MAPs. To compare experimental data sets to control, we used several techniques.
First, we log-transformed the data before binning to make the histograms. The effect of log-transforming the data is to create normal, Gaussian distributions from log-normal data, and these can be directly compared using the standard Student's t-test (34) . We fit the data sets to Gaussian functions of the form
where A is the amplitude, x 0 is the mean of the distribution, and s is the standard deviation of the distribution. The second method was to create normalized cumulative distributions of the data. The benefit of cumulative distributions is that there is no binning, and all the data are represented. To compare data sets of cumulative distributions, we used an online application that performs a KolmogorovSmirnov test (K-S test) (40) and the statistical package, R (41). A K-S test determines whether two data sets differ significantly without making assumptions about the type of distribution. The K-S test determines the D-statistic for two distributions. The D-statistic is the maximum distance in the probability between two cumulative distributions. In our data table, we report the D-statistic and the resulting probability (p-value) that the two distributions are the same (Table 1) . Thus, as usual, a high p-value means that two distributions are likely the same, and a low p-value implies that two distributions are distinct. In addition to determining the D-statistic and the p-value, the online program and R also predicted the probability that a data set would display a certain type of distribution, such as Gaussian or log-normal.
RESULTS AND DISCUSSION
GMPCPP stiffens microtubules, and its effect dominates over the effect of Taxol
We measured the rigidity of GMPCPP microtubules and microtubules doubly stabilized with GMPCPP and Taxol. For both GMPCPP and doubly stabilized microtubules, we found a large variance in the persistence-length measurements. Similar to our control data set of Taxol-stabilized microtubules, these distributions are both log-normal and conform to a Gaussian after a log transformation (Fig. 1  A) . The GMPCPP microtubules had an average persistence length of 1.8 5 0.5 mm, over three times more rigid than Taxol-stabilized microtubules, which had an average persistence length of 0.6 5 0.1 mm. The doubly stabilized microtubules, GMPCPP with Taxol, had an average persistence length of 1.9 5 0.7 mm. The results are summarized in Table 1 . Using Student's t-tests to compare the logtransformed data, we find that the probability that the Taxol-stabilized microtubules and the GMPCPP microtubules are the same is 0.09%, and the probability that the Taxol-stabilized microtubules and the GMPCPP with Taxol microtubules are the same is 2%. In the case of GMPCPP microtubules and GMPCPP with Taxol microtubules, the p-value was 0.95; thus, there is no evidence that these distributions differ.
We also created cumulative distributions and performed K-S statistical tests to compare the distributions of persistence lengths of Taxol-stabilized, GMPCPP, and doubly stabilized GMPCPP with Taxol microtubules. From these tests, we determine the probability that the Taxol-stabilized and GMPCPP data distributions have a 2% chance of being the same (D ¼ 0.45 and p ¼ 0.02). The probability that the Taxol-stabilized and doubly stabilized microtubules have the same distribution is only 1% (D ¼ 0.58 and p ¼ 0.01). Once again, the persistence-length distributions for GMPCPP and GMPCPP with Taxol cannot be differentiated (D ¼ 0.16 and p ¼ 0.98). We find no statistical evidence that the GMPCPP and the doubly stabilized microtubules are different, implying that the GMPCPP stiffening effect dominates the mechanical nature of microtubules. Further, we note that the persistence length does not depend on the contour length of the microtubules for Taxol, GMPCPP, or doubly stabilized microtubules (Fig. 1 C) .
Previous work has measured the persistence length of GMPCPP microtubules by two different thermal fluctuation methods. First, Mickey et al. used the same freely fluctuating filament method that we use here, but without the bootstrapping error analysis and the weighted fitting we perform (9) . They found that GMPCPP-stabilized microtubules had a twofold higher persistence length compared to Taxol-stabilized microtubules (14.5 mm for GMPCPP and 7.5 mm for Taxol) (9) . Yet these persistence-length measurements are much higher than those measured for Taxol-stabilized microtubules by other groups. Further, to our knowledge, this is the only report to say that Taxol stiffens microtubules compared to unstabilized microtubules (9) . There are six other experimental reports that measured both unstable microtubules and Taxol-stabilized microtubules, all of which find that Taxol makes microtubules more flexible (1-6). In addition, theoretical estimates based on molecular dynamics simulations using detailed structural data are consistent with Taxol increasing the flexibility of microtubules (7) .
A second study used a thermal-fluctuation method with one end adhered to a surface to measure the persistence length of microtubules without stabilization, with GMPCPP, and with Taxol, each separately (6). The authors found that the GMPCPP microtubules were the stiffest at all temperatures at which stiffness was measured and that the Taxol-stabilized microtubules were always the most flexible; the unstabilized microtubule stiffness was in between. Further, they demonstrated a linear-length-dependent persistence length for the unstabilized and the GMPCPP microtubules, but not for the Taxol-stabilized microtubules. The increased persistence length observed by Kawaguchi et al. is more modest than the length dependence demonstrated by Pampaloni et al. (6, 42) . In our data, we never observe a length-dependent persistence length, and this could be an effect of the assay used (Fig. S1) . Both of the A B C FIGURE 1 GMPCPP dominates over Taxol in its effects on the mechanics of microtubules. (A) Histograms of data after log-transforming the persistence length clearly show differences between Taxol-stabilized microtubules (red bars), GMPCPP-stabilized microtubules (light blue bars), and microtubules doubly stabilized with GMPCPP and Taxol (dark blue bars). In particular, GMPCPP shifts the distribution to longer persistence lengths. We fit the data to Gaussian functions (Eq. 2) ); fit parameters are given in Table S1 . (B) Normalized cumulative distributions of persistence length for Taxol-stabilized microtubules (red circles), GMPCPP-stabilized microtubules (light blue diamonds), and doubly stabilized microtubules (dark blue squares) display significant overlap between the sets of microtubules with GMPCPP, and distinct differences from the Taxol-only data. (C) We see no length dependence of the persistence lengths for Taxol-stabilized microtubules (red circles), GMPCPP-stabilized microtubules (light blue squares), or doubly stabilized microtubules (dark blue squares). Error bars represent the mean 5 SE. The numbers of microtubules in each distribution are given in Table 1 .
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experimental studies that demonstrated a length-dependent persistence length (6, 42) used an assay in which only one end was free to fluctuate. This may enable visualization of mechanical modes of shearing between protofilaments that are inaccessible when the entire filament is free to fluctuate.
We and others have proposed that Taxol stabilizes microtubules precisely because it enhances the flexibility of the bonds between dimers (7,43). Increased flexibility imparted by Taxol relieves the internal stress on each dimer. Dimers with GDP in the exchangeable site (E-site) of the b-tubulin have the lowest energy state of a bent-back conformation, but it is being forced straight by the neighboring protofilaments. This competition of conformations in the body of the microtubule filament encourages dynamic instability. Because Taxol increases the flexibility of the interdimer bonds, it enables some of the stress to be relieved, effectively inhibiting dynamic instability and stabilizing the filament. Thus, although Taxol inhibits dynamic instability it also makes microtubules more flexible as a whole.
We also measured the effects of doubly stabilized microtubules to determine whether the increased stiffness of GMPCPP microtubules can dominate the flexibility imparted by Taxol. We find that the stiffening ability of GMPCPP in the nucleotide pocket dominates over the enhanced flexibility afforded by Taxol binding. Vale et al. phenomenologically demonstrated this effect during gliding assay analysis of curvatures, where kinesin motors adhered to a surface drove microtubule gliding (44) . Although we use far less Taxol (50 mM) compared to GMPCPP (1 mM) in our assays, given the known binding affinity of Taxol for GMPCPP microtubules (K D ¼ 15 nM) (45, 46) , we believe we are saturating our microtubules with Taxol in every binding pocket. Thus, we do not believe that these results are due to an absence of Taxol along the microtubule.
It is perhaps not surprising that GMPCPP dominate over Taxol's effects, considering the structural differences in microtubules in the presence of these two stabilizers. Meurer-Grob et al. used cryo-electron microscopy and helical reconstruction to show that GMPCPP microtubules and Taxotere-stabilized microtubules have different lateral and interprotofilament associations (47) . GMPCPP in the E-site of the b-tubulin enhances lateral and longitudinal contacts. Hydrolysis of GTP in the E-site reduces the interdimer interactions, especially the lateral ones, resulting in fewer interprotofilament lateral interactions in GDP-Taxol microtubules compared to GMPCPP microtubules. A recent study of microtubules with 8.8 Å resolution compared GDP-Taxol and GMPCPP microtubules and showed that GMPCPP microtubules make additional contact between helix 3 and helix 9 in the b-tubulin (48). Further, several studies have demonstrated that the protofilaments of GMPCPP microtubules are straighter than those of unstabilized or Taxol-stabilized protofilaments after cold and calcium-induced depolymerization (49, 50) . Since GMPCPP dimers are in a straight conformation, there are likely increased lateral interactions between protofilaments, and we would expect this to dominate over Taxol-induced flexibility.
GTP-g-S makes microtubules more flexible, like Taxol
GTP-g-S is a nonhydrolyzable analog of GTP that is a poor nucleator of microtubules from tubulin dimers without MAPs or Taxol (51) . A recent result showed that despite its inability to nucleate microtubules, GTP-g-S can polymerize microtubules from GMPCPP seeds and that it acts as a better substrate for the binding of EB proteins (11) . In our experiments, we found that Taxol was required to polymerize and stabilize microtubules polymerized in the presence of GTP-g-S, consistent with previous reports. We found that GTP-g-S microtubules were still stable after washing out Taxol, like GMPCPP microtubules (Fig. S2 A) . Unlike GMPCPP microtubules, GTP-g-S microtubules were not cold-stable (Fig. S2 B) . To test the mechanical properties of GTP-g-S microtubules with and without Taxol, we created microtubules polymerized in the presence of GTP-g-S and Taxol. After polymerization, one set of microtubules was washed, with two rounds of pelleting the microtubules and resuspending in buffer without Taxol. The other set was pelleted and resuspended with buffer in the presence of Taxol. We measured the persistence length of GTP-g-S microtubules with and without Taxol. We found the average to be 0.51 5 0.1 mm for GTP-g-S both with and without Taxol ( Table 1 ). These two data sets showed no statistical difference, indicating that the presence or absence of Taxol does not alter the mechanical properties of GTP-g-S microtubules. We similarly conclude that GTP-g-S microtubules are identical to Taxol microtubules when comparing the log-transformed distributions with the Student's t-test (p ¼ 0.49 for GTP-g-S and 0.53 for GTP-g-S with Taxol) or the K-S test (p ¼ 0.67 for GTP-g-S and 0.50 for GTP-g-S with Taxol).
The flexibility of GTP-g-S microtubules after Taxol washout was as flexible as Taxol microtubules with GDP in the b-tubulin E-site (Fig. 2) . Thus, our data reveal that GTP-g-S is the second stabilizer that makes microtubules more flexible, like Taxol. It is interesting that GTP-g-S has the opposite effect from GMPCPP, since they are both GTP-mimicking analogs. Further, a recent structural study that examined the structure of GDP and GTP-g-S microtubules at 8.2 Å resolution found that, similar to GMPCPP microtubules, GTP-g-S microtubules have more contacts between protofilaments than do GDP-Taxol microtubules (52). In particular, both studies find an enhanced interaction between helices 3 and 9 on the b-tubulin (48,52). Thus, GTP-g-S and GMPCPP microtubules have similarly enhanced side-to-side interactions, but GMPCPP increases stiffness, whereas GTP-g-S increases flexibility. How might GMPCPP stiffen microtubules, whereas GTP-g-S softens them? One explanation is that there may be an increase in lateral interactions in GTP-g-S microtubules compared to GDP microtubules, but their number might still be less than that for GMPCPP microtubules. Another possibility is that GTP-g-S does not straighten the protofilaments of microtubules as GMPCPP does. No study has examined protofilaments of GTP-g-S microtubules, but if they are curved, in a GDP-like conformation, that could explain the poor nucleating ability of GTP-g-S and the requirement of Taxol to form microtubules. Further, if GTP-g-S microtubule protofilaments were curved, resulting in more flexible microtubules, it would imply that longitudinal interactions between dimers are more important than lateral interactions in determining the mechanical properties of microtubules.
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FIGURE 2 GTP-g-S makes microtubules more flexible. (A) Histograms of data after log-transforming the persistence length show no difference between Taxol-stabilized microtubules (red bars) and microtubules polymerized in the presence of GTP-g-S with Taxol (purple bars) and without Taxol present (magenta bars). We fit the data to Gaussian functions (Eq. 2); fit parameters are given in Table S1 . (B) Normalized cumulative distributions of persistence length for Taxol-stabilized microtubules (red circles) and microtubules polymerized in the presence of GTP-g-S with Taxol (purple squares) or without Taxol (magenta diamonds) show overlapping distributions, with a slight shift toward lower persistence lengths for both GTP-g-S microtubule data. (C) We see no length dependence of the persistence lengths for Taxol-stabilized microtubules (red circles) or for microtubules polymerized in the presence of GTP-g-S with Taxol (purple squares) or without Taxol (magenta diamonds). Error bars represent the mean 5 SE. The numbers of microtubules in each distribution are given in Table 1 .
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Tau stiffens microtubules, depending on its presence during polymerization
We measured the persistence length of microtubules in the presence of 4RL tau protein, the longest tau isoform. We made microtubules with tau in two ways: 1), tau was included at a 1:100 tau/tubulin molar ratio during polymerization, and microtubules were then further stabilized with saturating Taxol and a tau/tubulin ratio of 1:1 added postpolymerization; or 2), tau was added after polymerization and stabilization with saturating Taxol at a tau/tubulin ratio of 1:1. We found that the order in which tau was added had differential effects on microtubule rigidity. As above, we compared the results to our control data set of microtubules stabilized with Taxol alone.
For microtubules to which tau was added after polymerization and Taxol stabilization, little difference was found when compared to the Taxol-stabilized microtubule control data set, as can be seen in the log-transformed data and the cumulative distributions (Fig. 3, A and B) . Both displayed log-normal distributions. Further, the average persistence length for microtubules with tau added after polymerization was 0.49 5 0.07 mm, which is similar to that for Taxolstabilized microtubules, which had an average persistence length of 0.6 5 0.1 mm (Table 1) . We compared the two data sets using Student's t-test on the log-transformed histograms (Fig. 3 A) and found no evidence of a difference (p ¼ 0.35). We also used the K-S test on normalized cumulative distributions (Fig. 3 B) and found no evident divergence (D ¼ 0.20 and p-value ¼ 0.61). Thus, we conclude that adding tau after polymerization and stabilization with Taxol does not affect the mechanical rigidity of microtubules.
When tau was included during polymerization and before stabilization with Taxol, we found a large difference in both the distribution and average persistence length compared to Taxol-stabilized microtubules alone or those with tau added after polymerization (Fig. 3, A and B) . Tau's presence during polymerization causes an increase in the average persistence length to 4 5 1 mm (Table 1) . We found, by comparing the log-transformed histograms (Fig. 3 A) and performing Student's t-tests, that the probability that these distributions are the same is <0.01% (p < 0.0001). K-S statistical comparisons of normalized cumulative distributions (Fig. 3 B) between the data sets of microtubules polymerized with tau and those polymerized without tau showed that these distributions have no likelihood of being the same (D ¼ 0.68 and p ¼ 5 Â 10 À6 ). Interestingly, the statistics of the distribution show a relatively low probability (p ¼ 0.14) that the data is log-normal (Fig. S3) . Further, we found that A B C FIGURE 3 Microtubule rigidity increases when polymerized in the presence of tau. (A) Histograms of data after log-transforming the persistence length show that the presence of even 1% tau during polymerization (dark green bars) increased persistence length compared to Taxol-stabilized microtubules (red bars) or Taxol-stabilized microtubules with tau added at 100% after stabilization (light green bars). We fit the data to Gaussian functions (Eq. 2); fit parameters are given in Table S1 . (B) Normalized cumulative distributions of persistence length for Taxol-stabilized microtubules (red circles) and Taxol-stabilized microtubules with tau added at 100% after stabilization (light green squares) show overlapping distributions. Conversely, microtubules polymerized in the presence of 1% tau (dark green diamonds) show a distinct distribution shifted far to higher persistence lengths. (C) We see no length dependence of the persistence lengths for Taxol-stabilized microtubules (red circles), Taxol-stabilized microtubules with tau added at 100% after stabilization (light green squares), nor for microtubules polymerized in the presence of 1% tau (dark green diamonds). Error bars represent standard error of the mean. The numbers of microtubules in each distribution are given in Table 1 .
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Our results indicate that the ability of tau to affect the mechanical properties of microtubules differs depending on when the tau binds to the microtubules-during or after polymerization. We find that when it is added during polymerization, tau has a substantial effect on microtubule rigidity, increasing it by a factor of 4, even when added at a low 1:100 molar ratio with tubulin. These microtubules were further stabilized with Taxol, but the addition of Taxol had little effect on the rigidity. Thus, when tau is present during polymerization, its ability to mechanically stiffen microtubules dominates over Taxol's effect of increasing microtubule flexibility. On the other hand, when Taxol is added first, its effect on the mechanical properties of microtubules is dominant.
There are two possible explanations for these effects that have been proposed in the literature: 1), Taxol and tau could be competing for the same interior binding site of microtubules on the b-tubulin (22); or 2), Taxol and tau bind to locations on opposite sides of the tubulin dimer, but each causes conformational changes that disallow the binding of the other (53) . In either scenario, the binding of one inhibits the binding of the other resulting in differential effects on the mechanical properties of microtubules, which is consistent with our results.
There is biochemical and structural evidence that tau and Taxol compete for the same binding site on the luminal side of the b-tubulin when tau is present during polymerization (22) . Further, several biochemical studies have demonstrated that tau can bind to microtubules by two distinct modes, presumably at two different binding sites that have different affinities (54) (55) (56) (57) . At least one site for tau binding exists on the exterior of microtubules, since it has been demonstrated that tau can bind to preformed microtubules (37, 58, 59 ) and such binding has been imaged by atomic force microscopy in vitro (60, 61) and electron microscopy in cells (12) and in vitro (62, 63) . The second site it could bind to is the microtubule lumen or another exterior site. If the second site is in the microtubule lumen, it is unlikely for this site to be accessible by tau after polymerization, since the radius of gyration for full-length tau (441 amino acids that are each~0.5 nm in length) is 6.5 nm (64) . This is similar to the interior radius of the microtubule, which is~8.5 nm (65), and would entropically inhibit the entrance of tau into the lumen after polymerization. Thus, if there is an interior tau-binding site, it should only be accessible during polymerization or in cases of high osmotic pressure (66).
Previous studies have measured the effects of tau and other MAPs on the rigidity of microtubules. Mickey et al. added tau to microtubules at a 20:1 tau/tubulin ratio after polymerization and found the same rigidity as for microtubules with Taxol (7.5-7.9 mm) (9) . Despite the much larger persistence length in that study compared to our measurements, both studies found that tau added after polymerization results in the same rigidity as Taxol stabilization alone. A second study used a forced oscillatory motion by an optical tweezers to measure the effects of Taxol and added tau on microtubule rigidity (4). They found that Taxol decreased the rigidity of microtubules from 0.9 mm to 0.2 mm, similar to our measured values. They tested the effects of adding tau to microtubules after polymerization at varying tau/tubulin ratios (2:100 to 85:100) without Taxol. Even at these high concentrations, they still only found a twofold increase in persistence length (maximum of 2.5 mm), most likely because they added the tau after polymerization.
Interestingly, our study is, to our knowledge, the only study of microtubule mechanical properties that has added tau during polymerization. The effect of tau copolymerization was much stronger than that of adding tau at saturating concentrations postpolymerization, and it overpowered the effect of Taxol binding. Our results are consistent with the view that there is a competition between tau and Taxol for an interior binding site, and they suggest that binding to the Taxol site has a large effect on the rigidity of microtubules. Further, the effect is large even at very low concentrations of tau added during polymerization. This is important, because tau is present during the polymerization of microtubules in cells, and it is not at saturating concentrations. Thus, microtubules of the axon are likely to be far stiffer than normal microtubules, which are needed to support the long, extended structure of nerves.
MAP4 alters the distribution in persistence length
We measured the mechanical properties of microtubules in the presence of MAP4 to compare the results to those with tau. MAP4 is often described as analogous to tau, except that it is confined to the cell body and expressed ubiquitously in multiple tissues. Despite their sequence similarities, we find that MAP4 is very different from tau in its nucleation, stabilization, and mechanical-stiffening abilities. First, we noticed that MAP4 was unable to nucleate microtubules when added during polymerization of tubulin at 37 C. Even after adding Taxol, few microtubules were formed, and most were too short to perform the mechanical analysis. Instead, we polymerized microtubules without Taxol, stabilized with Taxol, and with MAP4 added at a 1:2 MAP4/tubulin molar ratio. This process resulted in many well-formed microtubules in the length range we are accustomed to measuring. By examining a GFP-labeled MAP4 in two-color fluorescence, we determined that MAP4 was able to bind and bundle microtubules (Fig. 4 A) .
We found that the average persistence length of microtubules with MAP4 was 0.5 5 0.1 mm, which is similar to the persistence length of Taxol-stabilized microtubules of 0.6 5 0.1 mm (Table 1) . Despite these similar average persistence lengths, we find that the distribution of Biophysical Journal 104(7) 1517-1528 persistence lengths with MAP4 appears to be distinct from that of Taxol-stabilized microtubules (Fig. 4, B-D) . Comparing the log-transformed and binned data, it is clear that the width of the distribution for the MAP4 data (0.45 5 0.05) is half that of the data with Taxol only (0.90 5 0.03) (Fig. 4 B) . Further, the signature of a Gaussian distribution in the cumulative representation is a sigmoidal shape, which is clearly shown for the MAP4 data but not the Taxol-alone data (Fig. 4 C) .
MAP4-labeled microtubules displayed a symmetric distribution (Fig. 4 D) and was statistically consistent with a normal Gaussian distribution (p ¼ 0.41) and not with a log-normal distribution (p ¼ 0.04). The differences in distribution shapes are clearly distinguishable by eye in a histogram of binned persistence lengths (Fig. 4 D) . When fitting a Gaussian to the data with MAP4, the best fit has a mean value of 0.30 5 0.04 mm, with a goodness of fit of 0.80. When a Gaussian is fit to the data with Taxol only, the best fit has a mean value of 0.5 5 0.3 with a goodness of fit of 0.18 (Table S2) .
Although the sequence similarity between the microtubule-binding regions of MAP4 and tau or MAP2 is strong, there is no biological basis to think that MAP4 should have the same nucleation, polymerization, stabilization, or stiffening abilities as tau. This is because the microtubules of the neuronal cell body or those of other cell types should not be too stable or too stiff. If MAP4 stiffened or stabilized in the same manner as tau, microtubules would likely overgrow, bundle, and perhaps create processes, as has been shown for tau overexpression in a variety of cell types (14, 16) . Alternatively, given the requirements of the microtubule network in cell bodies, MAP4 should act to modulate dynamics or stabilize against known destabilizers, such as katanin or kinesin-13s, to regulate microtubule dynamics. Indeed, we know that MAP4 stabilizes microtubules against katanin-induced severing (23) and can regulate dynein attachment to astral microtubules in mitosis (33) .
We have demonstrated that MAP4 can alter the distribution of the persistence length of Taxol-stabilized microtubules-collapsing the log-normal distribution into a normal Table S1 . (E) We see no length dependence of the persistence lengths for Taxolstabilized microtubules (red circles) or for Taxolstabilized microtubules in the presence of MAP4 (black squares). Error bars represent standard error of the mean. The numbers of microtubules in each distribution are given in Table 1 .
Biophysical Journal 104(7) 1517-1528 distribution. Some possible mechanisms for this are that 1), MAP4 reduces the variance in the Young's modulus (E) of the microtubules, or 2), MAP4 reduces the variance in the second moment of area (I) of the microtubules. A product of these two properties, EI, is proportional to the persistence length we measure:
where k B is Boltzmann's constant and T is the temperature. For the first mechanism, it is possible that MAP4 binding to the microtubule could reduce the variance in the Young's modulus so that all the microtubules have the same material stiffness, E. If this occurred, the Gaussian distribution in persistence lengths would come solely from the normal distribution in the second moment of area, I, which depends on the fourth power of the cross-sectional radius of microtubules. Thus, the differences in protofilament number that change the radius are likely to result in a distribution of the second moments of area between microtubules of a population. Even within one microtubule, the cross-sectional area changes frequently. It has been estimated by electron microscopy measurements using the moiré patterns between the top and bottom of the microtubule that Taxol microtubules have defects every 10-15 mm (67). These measurements are insensitive to fast transitions in protofilament number because a minimum length is required to determine the moiré pattern. Theoretical deductions based on katanin severing activities estimate the frequency of defects along the length of microtubules closer to once per 0.6 mm (68), spreading the variance in the second moment of inertia even more. Finally, recent experiments showed that doublecortin protein binds with high affinity to microtubules with 13 protofilaments, but with lower affinity to microtubules with other numbers of protofilament (69) . Images from this study show that Taxol microtubules have multiple short transitions in protofilament number.
In the second mechanism, MAP4 would lower the variance in the second moment of the area, I. If this occurred, then the Gaussian distribution in persistence lengths would come from a normal distribution in the Young's modulus, or material stiffness, E. Although it seems unlikely that the binding of MAP4 could change the second moment of area of a preformed microtubule, so as to collapse the distribution, there is evidence for these types of manipulations. For instance, small-angle x-ray scattering (SAXS) experiments have reported the alteration of the microtubule cross-sectional area during the addition of Taxol and MAPs (70) (71) (72) (73) . If MAP4 binding were able to create a population of microtubules in which all have the same crosssectional radius, then the variance in the persistence-length distribution would come from differences in the Young's modulus alone. This is a possible mechanism that cannot be ruled out based on our data.
CONCLUSION
We find that adding multiple stabilizing agents does not result in cumulative effects on microtubule mechanics. To the contrary, we find that one type of stabilizer tends to dominate the mechanical properties. In particular, we found that GMPCPP is a potent mechanical stabilizer and its stiffening effect dominates over Taxol's ability to mechanically weaken the microtubule filament. Further, the stiffening effects of tau were dominant over Taxol's effects when tau was added during polymerization, but tau was ineffective when added postpolymerization. Finally, we found that GTP-g-S makes microtubules more flexible. Alternatively, MAP4 did not change the persistence length of microtubules, but it altered the distribution significantly.
SUPPORTING MATERIAL
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